An emission spectrum of the water molecule at a temperature of 1550ЊC has been recorded in the range from 373 to 933 cm
I. INTRODUCTION
The present study of the hot water spectrum was motivated both by the desire to extend the rotational energy levels The pure rotational spectrum of water at room temperature higher than those reported in the literature and by the neceshas been studied in the millimeter wave, submillimeter wave, sity of understanding the sunspot spectrum in more detail. and far infrared regions (1) (2) (3) (4) (5) (6) (7) (8) (9) . Even more studies have been devoted to the rovibrational bands of water (10-21) includ-
II. EXPERIMENTAL DETAILS
ing overtones with wavenumbers as high as 25 000 cm 01 . Among the IR and near IR studies are the classic works by A high resolution emission spectrum of hot H 2 O was reFlaud, Camy-Peyret, and co-workers (10, 11) on the oxyacet-corded with the Bruker IFS 120 HR Fourier transform specylene flame spectra of water at temperatures as high as 2900 trometer located at the University of Waterloo. The spectrum K. Information on the energy levels for high values of the was recorded using a KBr beamsplitter with a liquid helium rotational quantum numbers J and K a are derived mostly cooled Si:B detector in the region 350-1000 cm 01 with a from the transitions in these flame spectra. The ground state resolution of 0.01 cm 01 . The lower limit of the spectrum energy levels up to J Å 35 and K a Å 20 were derived in was set by the transmission of the KBr beamsplitter and the Ref. (10) and the levels of the first excited bending state detector response, while the upper limit was determined by (010) up to J Å 32 and K a Å 14 were reported in Ref. (11) . a cold filter. These energy levels were used for a comprehensive atlas of Water vapor flowed continuously from a room temperathe water lines (22) and for the assignment of a hot water ture glass container into the hot cell. The cell was a 1.2 m spectrum (9) . long by 5 cm diameter mullite (3Al 2 O 3 r2SiO 2 ) tube with The energy levels derived from the flame spectra have KRS-5 windows attached at each end. The mullite tube was been used in numerous theoretical papers, in which effective placed inside a commercial CM Rapid Temperature Furnace Hamiltonians were developed for the theoretical treatment and the pressure maintained at approximately 15 Torr with of the highly excited rotational states of water molecule (3, a vacuum pump. The tube was slowly heated to a tempera -4, 23-27) . Within the framework of the variational ap-ture of 1550ЊC. It was necessary to have a constant flow of proach, the fitting of the potential energy surface of water water vapor since the water vapor reacted rapidly with the was accomplished using these energy levels as the input data hot walls of the tube. Higher temperatures were not obtained (28) (29) (30) (31) (32) (33) (34) .
because the mullite tube cracked at 1550ЊC. Experimental information on highly excited rotational levels of water in the ground and lower vibrational states is
III. ANALYSIS
very important and is widely used in many applications. For example, the infrared spectrum of a sunspot (36, 37) contains The spectrum was reduced by fitting the water lines with Voigt profiles to determine line position, width, and relative thousands of molecular absorption features. Many of these lines belong to the water molecule but most of the lines do intensity using PC-DECOMP, an interactive spectral analysis program developed by J. W. Brault. The laboratory data not have rovibrational assignments. This spectrum awaits detailed assignment and the obvious step toward this goal were calibrated using J. W. C. Johns' H 2 O measurements (8) and a calibration factor of 1.00 004 870 768 was applied is the study of the high temperature water spectrum in the laboratory.
to correct the observed line positions. The strongest lines belong to the pure rotational spectrum from the emission lines, resulting in doublet line artifacts. As a rule, the line centers of these doublets were found to of the ground (000) and first excited bending level (010). Except for some OH lines, the rest of the transitions belong be shifted to the right and to the left by approximately 0.005 cm 01 from the line center of the room temperature transition. to the pure rotational spectrum of higher excited vibrational levels such as (100), (020), (001) and to the rovibrational For completeness they are listed in Table 1 and the weaker components of such artifact doublets are marked by the letbands n 2 , 2n 2 0 n 2 . About 250 lines belong to the pure rotational spectrum of water in the ground and (010) vibra-ters ''art. '' A comprehensive analysis of the present spectrum would tional states. These lines have an intensity between 0.7 and 0.3 in relative units (r.u.). At least half of the approximately require a reliable calculation of the energy levels for the first few vibrational states up to very high values of the 1000 lines with an intensity between 0.3 and 0.1 also belong to these states. The lowest observable intensity was about rotational quantum numbers. This could be done using variational calculations, since this approach allows the simulta-0.003 relative units. Some of the more than 3000 lines with intensity between 0.1 and 0.003 r.u. also belong to the neous calculation of energy levels and intensities of the lines. The only problem is the accuracy of the potential ground and (010) states, but the majority of them are due to the pure rotational transitions of higher vibrational states energy and dipole moment surfaces. Recently (34) a potential energy surface good enough to reliably predict highly and rovibrational bands.
Lines with J rotational quantum numbers between 9 and excited rotational states has been obtained. Reliable dipole moment surfaces are also available (35) . Work on the com-13, which are quite strong in room temperature spectra, suffered from self absorption caused by cooler water at the ends prehensive assignment of all the lines in the present spectrum is underway. of the cell, atmospheric water and trace amounts of water in the spectrometer. Because of the Doppler effect, the high Nevertheless, the assignment of the strongest lines of the spectrum, belonging to the ground and (010) states, can be temperature emission lines are broader than the cooler absorption lines. The cooler water thus removes the line center achieved using both the available experimental energy levels (10, 11) and by extrapolation these levels and other available experimental data (1-11) using an effective Hamiltonian model.
In this work, the Padé -Borel (4, 24) method for the summation of the divergent perturbative effective Hamiltonian of the water molecule has been employed. A model with 30 parameters for fitting the available ground state data and 24 parameters for the (010) data was used. Recently very accurate fits to the available data on the ground and (010) states of water were achieved by Coudert (27) . Accuracy close to the experimental error was obtained using a modified, exactly solvable model by Makarevicz (38) with 36 parameters for the (000) state and 31 for (010) state respectively. Our use of a 30 (000) and 24 (010) constant Padé -Borel model resulted in somewhat lower accuracy-up to a few wavenumbers for the calculation of the highest rotational quantum numbers levels obtained in this work. One of the reasons for this is the smaller number of fitted parameters. However, in most cases, this accuracy was enough for the assignment of the lines. Only in a few cases, involving the highest J and K a quantum numbers, was the assignment ambiguous (see below). The transitions involving the rotational levels of the (000) and (010) vibrational states with rotational quantum numbers significantly higher than previously observed (10, 11) were assigned. In particular, transitions involving high J and high K a (ÉJ) were assigned up to J Å 25 for the (000) state and for J Å 21 for the (010) state. Levels up to K a Å 20 (000) and K a Å 14 (010) were previously known (10, 11) . Some higher J, K a transitions were also assigned; however, their intensities are lower than 0.1 r.u. and their assignment is less certain.
The measured values of the most intense (down to 0.1 r.u.) transition frequencies, together with their rotational quantum numbers, are presented in Table 1 .
1 In a few cases, indicated by an asterisk, there is more than one candidate line for an assignment. More accurate variational calculations and/or the measurement of lines in other spectral regions will lead to the elimination of the ambiguity in the assignment as well as to the assignment of the weaker lines in the spectrum. The assignment of the lines of the (020) state and of the n 2 vibration-rotation lines was made using the available literature data (22). These lines and the additional lines of the (000) and (010) levels weaker than 0.1 r.u. will be presented in a separate publication.
The water energy levels derived from the new transitions of Table 1 are presented in Tables 2 and 3 . These energy levels were obtained from the observed lines by the addition of the lower state energy levels either taken from the work of Flaud et al. (10) for the 000 vibrational level and Camy-Peyret et al. (11) for the 010 level or, if available, from the energy levels obtained in this work. We do not list the lower J energy levels since they are a Energy levels taken from Ref.
10.
c Energy levels obtained using 1 The full line list is available from the Depository of Unpublished Data unresolved doublets.
d Energy levels which were not known previously. and from the authors on request. 
